The dependence of steam oxidation resistance on the sulfur content has been investigated systematically in both ferritic and austenitic steels. It is found that the presence of impurity S, being considered as a harmful element in the past, improves significantly the steam oxidation resistance of high Cr steels. However, such a beneficial S effect is not so remarkable in low Cr steels, indicating that the S effect is related strongly to the Cr content in the steels. However, in case of high Cr ferritic steels containing more than 0.3%Si, the S effect is still less remarkable. These results are probably caused by the difference in the affinity of S for Cr atom and for Si atom. Since S has a strong affinity for Cr, Cr is enriched in the vicinity of the segregated-S on the specimen surface even after the steam oxidation test for a short time. The enriched Cr layer obstructs the formation of any island-like Fe oxides on the surface because of the easy formation of the passive Cr 2 O 3 oxide layer on this area. On the other hand, Si segregates onto the iron surface faster than S, but a part of the segregated-Si on the surface is replaced by S. Therefore, it is considered that the formation of SiO 2 is difficult in the case when the S content is too higher in the steel. As a result, the S effect does not appear so significantly in the Si-containing steels.
Introduction
The passive oxide layer formed on the surface of heat resistant steels has an important role in the inhibition of oxidation or corrosion at high temperatures. 1, 2) Cr and Si in heat resistant steels are well known as the effective elements in improving the steam oxidation resistance. When the passive oxide layer, such as Cr 2 O 3 or SiO 2 , is formed on the surface or in the oxide/metal interface of heat resistant steels in the early stage of steam oxidation, the oxidation rate is retarded for a long time even in high temperature steam conditions. 3, 4) Sulfur is well known as a harmful element for heat resistant steels. It lowers the fracture toughness when the steel is kept for a long time at high temperatures. 5) Therefore, every effort has been made to decrease the S content in the steel making process. According to the specifications of commercial steels, the upper limit of S content has recently been set at about 100 ppm. Great advances in industrial technologies make it possible to produce superclean steels containing less than 50 ppm S. 6) However, in the previous report, it is shown that the presence of S at an impurity level leads to a remarkable improvement in the steam oxidation resistance of 11 mass% Cr ferritic steels. 7) This experimental result may lead to a new design of heat resistant steels used for high temperature applications in H 2 O containing atmosphere. In order to achieve the new alloy design using the impurity S effect, it is required that the role of S in improving the steam oxidation resistance in steels is elucidated. Therefore, the purpose of this paper is to investigate the effect of S on the formation of both Cr 2 O 3 and SiO 2 layers on the surface of ferritic and austenitic steels.
Experiment Procedure

Steel preparation
In this study, three kinds of ferritic steels are prepared with changing Cr contents. Chemical compositions of these steels are listed in Table 1 . Ten steels named as the CR2S series are based on STBA24, which is a low Cr ferritic steel used for a boiler at power plants, and ten steels named as the CR9S series are based on HCM9S, which is a high Cr ferritic steel. The other ten steels named as the CR19S series are austenitic steels based on ST3. The S contents in each series of steels are varied in the order, about 10 ppm < 50 ppm < 100 ppm < 200 ppm < 300 ppm. The name of each steel stands for the alloying elements (Cr and S) and their contents (Cr:2-19% and S:10-300 ppm). Also, steels containing a relatively high level of Si are marked SI at the end of each steel name. For example, CR2S10 is the steel that contains 2.25 mass% Cr and 10 ppm (0.0010 mass%) S. Similarly, CR19S100SI steel contains 19 mass% Cr, 100 ppm S and 0.3 mass% Si.
The 15 kg-ingots of CR2S10, CR9S10 and CR19S10 steels were first prepared as mother steels by using a vacuum induction furnace. Ten kinds of steels in each series listed in Table 1 were prepared by using one of the mother steels in the following way. Each mother steel was cut into a plate with the size of 20 mm Â 45 mm Â 75 mm and the weight of about 0.5 kg. A plate was melted together with proper amounts of Si and S in an arc furnace and a button shaped ingot was prepared. Each button ingot of the thirty steels was then hotrolled into a plate with 7 mm in thickness at 1423 K for 3.6 ks. After these processes, they were heat-treated in the following way. The CR2S series steels (low Cr ferritic steels) were normalized by two steps at 1193 K for 0.6 ks and at 998 K for 2.7 ks, followed by air-cooling. Similarly, the CR9S series steels (high Cr ferritic steels) were normalized at 1318 K for 0.6 ks and then at 1053 K for 3.6 ks followed by air-cooling. On the other hand, CR19S series steels (austenitic steels) were normalized at 1373 K for 0.3 ks and followed by water quenching.
Besides the thirty kinds of steels listed in Table 1 , six ferritic steels based on Fe-Cr-Si-C-S system were prepared in order to investigate the formation of the passive oxide layer at the early stage of steam oxidation. Their chemical compositions are listed in Table 2 . They were prepared in a process similar to that used for the CR2S series, CR9S series and CR19S10 series steels, but they were normalized at 1323 K for 1.8 ks and then at 1043 K for 5.4 ks followed by air-cooling.
Specimens for the steam oxidation test with the size of 10 mm Â 30 mm Â 3 mm were cut from the heat-treated plate, and polished with the emery papers down to #2000 followed by buff polishing with Al 2 O 3 powder down to 1 mm.
Methods for steam oxidation test
In order to get reproducible oxidation data, two specimens of each steel were exposed to steam atmosphere at 923 K for 3.6 Ms under 1013 hPa (1 atmospheric pressure) using a furnace equipped with a chamber made of an austenitic stainless steel (SUS310). After this oxidation test, the crosssection of each specimen was observed metallographically with an optical microscope and the thickness of the total oxide layer was used as a measure of the steam oxidation resistance. It is known that the typical oxide layer formed on the both high Cr ferritic steels and austenitic steels are composed of two layers, that is, one is the outer Fe-enriched layer and the other is the inner Cr-enriched layer. In both cases of the CR2S series and the CR9S series steels (ferritic steels), the total thickness of the two oxide layers could be measured, but in case of the CR19S series steels (austenitic steels), only the inner layer was measured because the outer layer is peeled off readily. The thicknesses were measured over twenty areas in each specimen and these measured values were averaged.
In order to investigate growing behavior of the passive oxide layer during the steam oxidation, the CR10S series steels were exposed to the steam atmosphere at 923 K for 18 ks, 28.8 ks, 36 ks, 180 ks, 360 ks and 1800 ks. After the steam oxidation test, the mass gain of each specimen was measured by the precision balance with the accuracy of 0.1 mg or better for evaluating the steam oxidation resistance. Also, both the surface and the cross-section of each specimen were observed with a scanning electron microscope equipped with an energy dispersive X-ray spectrometer (SEM/EDS).
Surface composition analysis
Using Auger electron microscopy (AES), the change of the composition of Cr and S on the specimen surface was analyzed before and after annealing at 923 K for 120 s in high vacuum in order to examine the heating effect on Cr and S distributions in the steels. The temperature for AES was set at that of the steam oxidation test in this study. The specimen was set in the etching position in a vacuum chamber, and then the system was evacuated about 10 À7 Pa. The specimen surface was etched using Ar þ ion gun with monitoring oxygen and carbon signals in order to get a clean specimen surface, and after the surface cleaning treatment, the Auger signals were taken from the clean specimen surface. The specimen was moved to the heating part and heated up to 923 K, keeping at this temperature for 120 s, with using a resistance heating system in a high vacuum. The specimen was moved back to the measuring position and the Auger signals were taken again from the specimen surface after annealing.
Results and Discussion
3.1 Dependence of Cr content in steels on the S effect observed in the steam oxidation The thickness changes of the oxide layers with the S content are shown in Fig. 1(a) for the CR2S series steels, (b) for the CR9S series steels and (c) for the CR19S series steels, all being exposed to steam atmosphere at 923 K for 3.6 Ms. The thickness of the oxides layer is a measure to show steam oxidation resistance, i.e., when the steam oxidation resistance is poor, the thickness of the oxide layer is thick. In each figure, open marks and solid marks indicate the results obtained from the Si-containing steels and the Si-free steels, respectively. The Si-containing steels show better steam oxidation resistances than the Si-free steels in every case. This is consistent with the fact that Si is an effective element to improve the steam oxidation resistance. The steam oxidation resistance of both CR9S series steels and CR19S series steels increases monotonously with increasing S content as observed in 11%Cr ferritic steels. 7) Thus, it is confirmed that the presence of S improves the steam oxidation resistance not only in ferritic steels but also in austenitic steels. In contrast to these two series steels, the steam oxidation resistance of the CR2S series steels is improved by the addition of S up to 0.010 mass% (100 ppm), but worsened by the addition of over 0.01%S. This result implies that the presence of extra S against the Cr content in ferritic steels is harmful to the steam oxidation resistance. In other words, the deterioration of steam oxidation resistance in low Cr ferritic steels is probably due to the shortage of the Cr content for a given S content. From these results, it is found that the S effect on the steam oxidation resistance depends on the Cr content in the steels.
Influence of Si content upon the S effect
In order to elucidate both the S effect on the steam oxidation resistance and the compositional dependence of this effect, the total thickness of the oxide layer observed in each steel is normalized by using the equation, fðx À x i Þ=x i g Â 100%, where x is the total thickness and x i is the total thickness of the S-free steel in each series. For example, in case of the CR2S series the S-free steel is CR2S10 for Si-free steels and CR2S10SI for the Si-containing steels. These values are plotted against the S content in Fig. 2(a) for the Si-free steels and (b) for the Si-containing steels. The normalized-values exhibit the degree of the improvement of the oxidation resistance in each steel, and the minus values mean the improvement by the S doping. It is found that the improvement in the steam oxidation resistance Si-free steels Si-containing steels by the S doping is not so clear in CR2S series steels. The resistance in this series steels becomes worse when the S content exceeds 100 ppm. On the other hand, the normalizedvalues of both CR9S and CR19S series steels decrease linearly with increasing S content at almost the same rate (see the nearly same slope in Fig. 2 ). This fact indicates that the degree of S effect to the improvement in the oxidation resistance is remarkable in these two series steels. But, in case of the two Si-containing steels, CR9S300SI and CR19S300SI, do not obey this tendency as shown in Fig.  2(b) . Especially, the steam oxidation resistance is poorer in CR9S300SI than in CR19S300SI. In other words, extra S exerts a negative influence upon the steam oxidation resistance of the Si-containing steels.
3.3 Morphology of oxide layers formed on the S-free and the S-doped steels at the early stage of the steam oxidation The experimental results shown in Figs. 1 and 2 indicate clearly that the S-doping improves the steam oxidation resistance at 923 K for 3.6 Ms. It is known generally that the oxidation resistance is affected by the quality of the passive oxide layer formed on the specimen surface. For example, it is reported that a protective Cr 2 O 3 layer is formed on the surface of austenitic steel (SUS430) at early stage of oxidation in H 2 O containing atmosphere at 1473 K, followed by the occurrence of Fe-rich nodular-like oxides and then oxidation is accelerated. 8) Therefore, the oxide state formed at the early stage of the steam oxidation may have a great influence upon the oxidation resistance for a long time, so that oxidation behavior of both CR10S10 and CR10S150 is examined with changing exposure time. Figures 4(a) and (b) show the characteristic X-ray images of O, Fe, Cr and S taken from the cross-sections of CR10S10 and CR10S150 steels. It is found that the oxide layer of CR10S10 steel is separated into two layers as shown in Fig. 4(a) , being consistent with the previous report. 9) One is the outer Fe-rich oxide layer and the other is the inner (Fe, Cr) oxide layer. The island-like oxides observed in CR10S150 steel are also composed of two layers, consisting of the outer Fe-rich oxide and the inner (Fe, Cr) oxide. Here, even in the uncovered-area near island-like oxides, a thin oxide layer is observed as shown in Fig. 4(b) . Furthermore, it is observed that Cr is enriched at the Senriched area as shown in Fig. 4(b) . This means that S probably exists as Cr sulfides in the steel and these Cr sulfides may contribute in some ways to the formation of thin passive Cr oxide layer. Figure 5 shows the mass changes of CR10S10 and CR10S150 steels as a function of the steam oxidation time up to 180 ks. The incubation period of about 18 ks is observed in both steels. After 18 ks, the mass of both CR10S10 and CR10S150 steels starts to increase remarkably. The rate of the mass change resembles between the two steels, but the mass gain of CR10S150 is less than that of CR10S10. Figure  6 shows the mass changes of these two steels as a function of the steam-oxidation time up to 1.8 Ms. Although the mass changes of the two steels during the steam oxidation up to 180 ks (0.18 Ms) resembles each other, they are quite different after the steam oxidation time more than 0.36 Ms. The mass gain of CR10S150 steel after 1.8 Ms is about a half of that of CR10S10 steel. This fact is related to the morphological difference between the two steels as shown in Fig. 4 , and this difference is probably caused by the difference in the passive oxide layer formed at the early stage of the oxidation. The quality of the passive oxide formed at the early stage of the steam oxidation may affect strongly steam oxidation resistance for a long term. 
3.4 S and Cr segregations to the specimen surface during annealing in a high vacuum It is shown in Fig. 4(b) that a thin passive oxide layer and Cr sulfides are formed in CR10S150 steel, whereas they are not formed in CR10S10 steel, and then Cr sulfides probably contribute to the formation of a passive layer on the specimen surface. Since S has a very limited solubility in Fe, Cr sulfides are formed spontaneously because of a strong affinity between S and Cr atoms. This is probably one of the reasons why the presence of S leads to the improvement of the steam oxidation resistance of ferritic steels. Figures 7 and 8 show the Auger electron spectra (AES) taken from the surfaces of CR3S series and CR12S series steels, respectively. Before annealing, i.e., shown in (a) and (c) in both Figs. 7 and 8, all spectra of the four steels are quite similar to each other, as large Fe signals but no S signal are detected. However, the AES spectra change with the annealing in a high vacuum as shown in (b) and (d) in both Figs. 7 and 8, i. e., the S signal appears in all steels. In particular, the S signals in the spectra are very small in the S-free steels, CR3S10 and CR12S10, whereas they are very large in the S-doped steels, CR3S170 and CR12S160.
In terms of Cr signals, the signal does not become so large the spectra taken from CR3S series steels after annealing. On the other hand, Cr signal appear remarkably in both CR12S series steels after annealing. In particular, the signal observed in CR12S160 steel is larger than that in CR12S10 steel. This result indicates that Cr is enriched conspicuously on the surface of CR12S160 steel when S segregates onto the surface by annealing. These results are consistent with the fact that the beneficial S effect appears remarkably in high Cr steels and is not so remarkable in low Cr steels, as shown in Fig. 1 . The S segregation promotes the Cr enrichment onto the surface, resulting in the easy formation of the passive oxide, Cr 2 O 3 , on the specimen surface in the S-doped high Cr steels. From the analogy to this result, it is considered that Cr is enriched on the surface when S segregates onto the specimen surface of the CR9S series, the CR19S series and the CR10S150 steels used in this study.
In fact, both Cr and S enrichments in high Cr steel after the steam oxidation test are observed with SEM/EDS. Figure 9 shows the surface morphology of CR10S150 steel after the steam oxidation test at 923 K for 36 ks. Figure 9(a) shows the segregated-S areas existing between the Fe-rich island-like oxides. Figure 9 (b) shows a typical close-up image taken from the segregated-S area, indicated by arrows in Fig. 9(a) . Figures 9(c) and (d) are the EDS spectra taken from the outside of circle area and the inside of circle area, respectively, where a circle is indicated in Fig. 9(b) . It is observed that S is localized between the island-like oxides. The Cr concentration in these areas is higher than that in other area composed of the original Cr concentration of the specimen. Furthermore, the O concentration in Fig. 9(d) is higher than that in Fig. 9(c) . This means that more Cr 2 O 3 is formed in S-segregated area than in S-free area. Therefore, it is found that the Cr and S enriched-areas like the indicatedarea by a circle in Fig. 9 (b) may supply Cr atom rapidly to form the passive oxide layer, resulting in the suppression of the occurrence of the island-like oxides in the passive layer.
CR10S10
CR10S150 cross-section surface 3.5 Role of Si in the steam oxidation resistance of steels As shown in Fig. 2 , the experimental results show that S deteriorates the steam oxidation resistance of the high Cr steels containing Si (CR9S300SI and CR19S300SI). It has been reported that both S and Si segregate on the surface of iron by annealing in a high vacuum. 10, 11) du Pllesis et al. have reported the change in the surface concentration of Fe-0.4Si-0.02S with annealing at 873 K, 948 K, 973 K and 1023 K, using the Auger electron spectroscopy. 10, 12) For convenience, this result at 948 K is schematically reproduced in Fig. 10 . It is clear from Fig. 10 that Si segregates quickly onto the surface of the specimen, but the segregated-Si is replaced gradually by S which is supplied from the inner area of the specimen by annealing at 948 K. The maximum surface fractions of Si and S are 20% and 50%, respectively, and Si is completely replaced by S, because the segregation energy of S, ÁG i ¼ ð Here, a plus value of 0 means a repulsive force. Therefore, S segregates onto the specimen surface during annealing and then Si is replaced with S without generating their compound. According to the analogy to this report, 10) it is considered that Si existing on the surface of CR9S300SI and CR19S300SI at the early stage of the steam oxidation will be replaced by S, and hence the formation of SiO 2 , which is one of the passive oxides, is limited on the specimen surface. As a result, Si does not contribute to the steam oxidation resistance, resulting in the poorer resistance in both CR9S300SI and CR19S300SI steels than CR9S200SI and CR19S200SI steels.
Conclusion
It is found that there is an advantage of the S doping in both high Cr ferritic steels and austenitic steels for improving the steam oxidation resistance. But in case of the extra S content in the steel, this advantage is not found in low Cr ferritic steels and in Si-containing high Cr steels. These results indicate that the S effect on the steam oxidation resistance of steels is related closely to both the Cr content and the Si content in them. Owing to a strong affinity between Cr and S, Cr tends to be enriched on the surface of the specimen as the S segregation proceeds there, and this phenomenon leads to the easy formation of Cr 2 O 3 resulting in good steam oxidation resistance. It is concluded that S is an element which plays an important role in assisting the formation of Cr 2 O 3 . 
